Plasminogen (Plg)-deficient mice experience wasting and have decreased longevity due to disseminated fibrin deposition. We generated mice with combined deficiencies of Plg and coagulation factor IX (fIX) or XI (fXI) to determine the effects on the Plg null phenotype. Mice lacking Plg and fIX (Plg ؊/؊ / fIX ؊/؊ ) have lower mortality at age 6 months than Plg ؊/؊ /fIX ؉/؉ mice (15% and 67%, respectively) and less severe wasting, consistent with the importance of fIX in fibrin formation. In contrast, combined Plg and fXI deficiency (Plg ؊/؊ /fXI ؊/؊ ) reduces life span (more than 90% mortality at 6 months) and is associated with leukocyte infiltration of the lungs and pulmonary fibrosis. These abnormalities are not seen in Plg ؊/؊ or Plg ؊/؊ /fIX ؊/؊ animals. Activated fXI is thought to function primarily as a fIX activator; however, our observation suggests that fXI may have functions in regulation of inflammation or tissue repair distinct from its role in coagulation. (Blood. 2005;106:3055-3057)
Introduction
The serine protease plasmin plays a major role in regulating hemostasis through proteolytic degradation of fibrin. 1 Studies using mice lacking the plasmin precursor plasminogen (Plg) have identified additional plasmin functions in inflammation, cell migration, and extracellular matrix degradation that have implications for a variety of pathologic processes. 2 Plg null (Plg Ϫ/Ϫ ) mice grow normally for the first 2 months of life and then develop a syndrome characterized by weight loss, poor wound healing, and premature death. 3, 4 Disseminated fibrin deposition underlies this phenotype, and mice lacking both Plg and fibrinogen do not display these abnormalities. 5 It seems reasonable to hypothesize that factors that reduce thrombin generation and subsequent fibrin formation would have a beneficial effect on the Plg Ϫ/Ϫ phenotype.
Factor IX (fIX) and factor XI (fXI) are zymogen precursors of coagulation proteases (fIXa and fXIa, respectively) that have important effects on fibrin formation and maintenance. 6 Both proteases have been implicated in vascular thrombosis in humans 7, 8 and animal models. [9] [10] [11] [12] FIX, the protein missing or defective in patients with hemophilia B, is converted to fIXa by the factor VIIa/tissue factor complex or by fXIa 6, 13 and is probably required for a normal response to most hemostatic challenges. FXIa is needed in certain situations to supplement fIX activation 14 and appears to be most important for hemostasis in tissues with high fibrinolytic activity. 15, 16 We created double homozygous null animals lacking Plg and either fIX or fXI and report on the effects of fIX or fXI deficiency on the wasting syndrome and longevity in Plg Ϫ/Ϫ mice.
Study design
All genotypes were backcrossed to the C57BL/6 strain through at least 7 generations. Plg ϩ/Ϫ mice were kindly provided by Jay Degen (University of Cincinnati), 3 and fIX null (fIX Ϫ/Ϫ ) mice were a gift from Darrell Stafford (University of North Carolina, Chapel Hill). 17 FXI null (fXI Ϫ/Ϫ ) mice have been described. 18 All mice were housed in microisolator cages on a 12-hour light-dark cycle, with controlled temperature/humidity and free access to food and water. The Institutional Animal Care and Use Committee of Vanderbilt University approved all procedures. Initially, the Plg ϩ/Ϫ genotype was introduced onto the fIX or fXI null backgrounds. Plg ϩ/Ϫ /fIX Ϫ/Ϫ females and Plg ϩ/Ϫ /fIX Ϫ males were mated to generate Plg ϩϩ , Plg ϩ/Ϫ , and Plg Ϫ/Ϫ genotypes on the fIX null background. Similar crosses were made with Plg ϩ/Ϫ /FXI Ϫ/Ϫ animals. Plg genotype was determined by polymerase chain reaction (PCR). Primer 5Ј-TGTGGGCTCAAAGATGGAAC (intron 2) was paired with 5Ј-GACAAGGGGACTCGCTGGATG (exon 2) or 5Ј-GTGCGAGGCCAGAGGCCACTT (targeting cassette) to detect wildtype or null alleles, respectively. 5 Animals were weighed each week on a top-loading balance (model 400D; Denver Instrument, Arvada, CO). Mice were killed at age 6 weeks (4 mice per genotype), and tissues were fixed in 10% formalin. Lungs and tracheae were removed as a single unit and inflated by intratracheal infusion of formalin. Thin sections were stained with hematoxylin and eosin or Masson trichrome stain. Immunostaining for fibrin was performed with polyclonal goat-anti-mouse fibrinogen/fibrin immunoglobulin G (IgG) using a Vectastain immunohistochemistry kit (Vector Laboratories, Burlingame, CA).
Pulmonary fibrosis was induced by intratracheal bleomycin administration, and lungs were prepared for analysis as previously described. 19 Fibrosis was assessed blindly by 2 investigators. Ten sequential, nonoverlapping fields (300 ϫ) were scored for each animal using a 0 to 4 point system (0, normal architecture; 1, increased thickness of 50% or more of interalveolar septa; 2, thickening of more than 50% of interalveolar septa without fibrotic foci; 3, thickening of interalveolar septa with isolated fibrotic foci; and 4, multiple fibrotic foci with total or subtotal distortion of parenchymal architecture). Mean score for all fields was calculated and the average for the 2 investigators taken as the score for each animal.
Results and discussion
Plg ϩ/Ϫ and wild-type mice grew similarly, while Plg Ϫ/Ϫ animals developed weight loss starting at about 8 weeks of age ( Figure 1A) , with more than 50% of animals dead by 6 months ( Figure 1B ) and few surviving 1 year. Mice with the Plg ϩ/Ϫ genotype on fIX or fXI null backgrounds have normal growth and longevity and, with the exception of a bleeding tendency in fIX null mice, appear healthy. Crossing Plg ϩ/Ϫ mice on fIX or fXI null backgrounds gave roughly the expected 1:2:1 ratio for the Plg ϩ/ϩ , Plg ϩ/Ϫ , and Plg Ϫ/Ϫ genotypes (21:69:28 for fIX Ϫ/Ϫ , 24:54:26 for fXI Ϫ/Ϫ ), indicating no increase in intrauterine mortality for double homozygous null animals.
Plg Ϫ/Ϫ /fIX Ϫ/Ϫ mice have a milder phenotype than Plg Ϫ/Ϫ /fIX ϩ/ϩ mice, with less pronounced weight loss ( Figure 1C ) and 86% 6-month survival ( Figure 1D ). This is consistent with an important role for fIX in thrombin generation and fibrin deposition in Plg Ϫ/Ϫ mice, although histologic analysis did not clearly demonstrate differences in extent of fibrin deposition between Plg Ϫ/Ϫ /fIX Ϫ/Ϫ and Plg Ϫ/Ϫ /fIX ϩ/ϩ animals at age 6 weeks (data not shown). Notably, fIX Ϫ/Ϫ mice were larger than age-matched wild-type or fXI Ϫ/Ϫ animals ( Figure 1C ). Because fXI deficiency is associated with milder bleeding than fIX deficiency, fXI deficiency might be expected to have less, or no, impact on the Plg Ϫ/Ϫ phenotype. Surprisingly, Plg Ϫ/Ϫ /fXI Ϫ/Ϫ mice fell behind their Plg ϩ/Ϫ /fXI Ϫ/Ϫ and Plg ϩ/ϩ /fXI Ϫ/Ϫ littermates, in terms of growth, earlier than was observed for Plg Ϫ/Ϫ mice ( Figure 1C) . Mortality for the Plg Ϫ/Ϫ /fXI Ϫ/Ϫ mice was 50% by age 12 weeks and 90% at 6 months ( Figure 1D ). There were striking difference in lung morphology between wild-type, Plg Ϫ/Ϫ /fXI ϩ/ϩ , and Plg Ϫ/Ϫ /fXI Ϫ/Ϫ mice ( Figure 2 ). Plg Ϫ/Ϫ mice developed scattered patches of fibrin deposition in lung parenchyma ( Figure 2B,2E ), but most of the lung appeared normal, with relatively little collagen formation ( Figure 2H ). 3, 4 Similar histology was noted in Plg Ϫ/Ϫ /fIX Ϫ/Ϫ animals (data not shown). In contrast, a diffuse leukocyte infiltration developed in lungs of Plg Ϫ/Ϫ /fXI Ϫ/Ϫ mice (primarily mononuclear cells and some neutrophils; Figure 2C ), with significant collagen formation ( Figure 2I ). No differences in fibrin deposition were obvious between Plg Ϫ/Ϫ /fXI Ϫ/Ϫ and Plg Ϫ/Ϫ /fXI ϩ/ϩ mice in any tissue at 6 weeks of age (data not shown).
The pulmonary process in Plg Ϫ/Ϫ /fXI Ϫ/Ϫ mice is not seen in fXI-deficient mice or humans or Plg Ϫ/Ϫ mice. Plg Ϫ/Ϫ mice are more sensitive to bleomycin-induced pulmonary fibrosis than wild-type mice, suggesting a predisposition to fibrosis with injury. 20 We noted greater pulmonary fibrosis in Plg Ϫ/Ϫ mice compared with wild-type mice (fibrosis scores 1.43 Ϯ 0.24 and 0.98 Ϯ 0.37, respectively) after intratracheal infusion of 0.04 units of bleomycin ( Figure 1E ), while fXI Ϫ/Ϫ mice (fibrosis score 0.76 Ϯ 0.07) were similar to wild-type animals. Wild-type and fXI Ϫ/Ϫ mice were also similar at 0.08 units of bleomycin ( Figure 1F ; 1.69 Ϯ 0.38 and 1.69 Ϯ 0.24, respectively). The results suggest that fXI deficiency, by itself, does not predispose animals to pulmonary fibrosis.
The beneficial effect of fIX deficiency on the wasting syndrome caused by Plg deficiency in mice is consistent with the observed importance of fIX to thrombin generation and fibrin formation in humans. The pulmonary process in Plg Ϫ/Ϫ /fXI Ϫ/Ϫ mice, on the other hand, is difficult to reconcile with a role for fXIa that is restricted to fIX activation. The strikingly different effects of fIX and fXI deficiency on the Plg Ϫ/Ϫ phenotype suggest that a reduction in thrombin generation may not be the cause for the Plg Ϫ/Ϫ /fXI Ϫ/Ϫ phenotype. While the etiology of the pulmonary changes in Plg Ϫ/Ϫ /fXI Ϫ/Ϫ mice remains to be elucidated, the findings suggest that fXIa has functions unrelated to fIX activation, possibly in regulation of inflammation or wound repair. The fields in panels B, E, and H were chosen to show a typical lung lesion in Plg Ϫ/Ϫ mice. These lesions are patchy, and most pulmonary architecture appears normal. In contrast, the leukocyte infiltration shown in panels C, F, and I for Plg Ϫ/Ϫ /fXI Ϫ/Ϫ is typically diffuse by age 6 weeks. Images were taken with an Olympus BX41 microscope (Olympus, Tokyo, Japan) fitted with a DP70 digital camera, using a 40 ϫ/1.7 NA UPlanF1 objective and Olympus DP controller software (version 1.2.1.108).
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